Most empirical work on color constancy is based on simple laboratory models of natural viewing conditions. These typically consist of spots seen against uniform backgrounds or computer simulations of flat surfaces seen under spatially uniform illumination. We report measurements made under more natural viewing conditions. The experiments were conducted in a room where the illumination was under computer control. Observers used a projection colorimeter to set asymmetric color matches across a spatial illumination gradient. Observers' matches can be described by either of two simple models. One model posits gain control in cone-specific pathways. This diagonal model may be linked to ideas about the action of early visual mechanisms. The other model posits that the observer estimates and corrects for changes in illumination but does so imperfectly. This equivalent illuminant model provides a link between human performance and computational models of color constancy.
INTRODUCTION
An important function of vision is to provide information about objects. This task is difficult because there is no simple mapping between an object's intrinsic properties and the retinal image. Although the image depends on the object's properties, it is also affected by extrinsic factors, including where the object is located, how it is oriented, and how it is illuminated. To generate a representation that provides reliable information about objects, a visual system must compensate for these extrinsic factors.
In the case of object color, the spectral power distribution of the light reflected from an object depends on the object's intrinsic surface reflectance, on the illumination, and on the viewing geometry. The ability of a visual system to maintain object color appearance across variations in factors extrinsic to the object is called color constancy. It has long been clear both that human vision exhibits some degree of color constancy and that this color constancy is not prefect. 1, 2 Since humans are not perfectly color constant, a possible goal for experimentation is to determine how closely human performance approximates perfect constancy. [3] [4] [5] [6] [7] A more general goal is to develop principles and models that allow us to predict color appearance in complex scenes. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Ultimately, such models should account for color appearance in natural scenes.
Most empirical work on the effect of the viewing context is based on simple laboratory models of natural viewing conditions. These laboratory models typically consist of spots (or simple patterns) seen against uniform backgrounds 5, 10, 11, 13, 14, 18, 19, [23] [24] [25] or computer simulations of flat matte surfaces seen under spatially uniform illumination. 3, 6, 7, [15] [16] [17] [26] [27] [28] [29] [30] Taken as a whole, these experiments reveal consistent regularities. First, changing the context changes the gains of the signals transmitted by the three classes of cones, an effect often referred to as von Kries adaptation. 8, 15, 18, 19 Second, changing the context changes an additive contribution to the signals transmitted by the three classes of cones. 10, 11, 13, 14, 18, 19 Although it is clear that color opponency plays an important role in the coding of cone signals by the nervous system, 24, 31, 32 this opponency does not manifest itself in most experiments designed to measure the effect of context on color appearance (but see Ref. 25) . Similarly, although there must be nonlinearities as signals are transmitted from the cones to higher visual areas in the cortex, it is not generally necessary to model these nonlinearities to understand color context effects (but see Refs. 7, 30, and 33). One possibility is that opponency and the major nonlinearities occur at neural sites central to those where context exerts its influence.
There is no guarantee that regularities found for simple stimuli will generalize to more natural viewing conditions. A number of investigators have studied the color appearance of illuminated surfaces that are perceived as such 12, [34] [35] [36] [37] (see also Ref. 38) . To the extent that they speak to the same issues, these studies are generally consistent with the regularities revealed by experiments that use simpler stimuli. In the lightness domain, however, Gilchrist and his colleagues [39] [40] [41] [42] have shown that how the perceptual system parses a complex scene into surfaces and illuminants can have a large effect on perceived lightness (see also Refs. 43 and 44) . Their results suggest a richness to color context that has not yet been extensively explored.
This paper presents experiments designed to extend our understanding of color constancy. To perform our experiments, we have constructed and calibrated an experimental room where the illumination is under computer control. An apparatus in the room allows us to measure asymmetric color matches 10, 15, 18, 26, 45 under nearly natural viewing conditions. Our emphasis is on developing models that characterize the effect of the illuminant on color appearance.
In natural scenes there are two quite distinct ways that the illumination can vary. First, the illumination can change from one time to another. For example, the spectrum of the light at dawn tends to differ from that at noon. Second, the illumination can change from one location to another within a single scene. For example, the spectrum of the illumination in shadows differs from that of direct sunlight. We use the term successive color constancy to refer to constancy with respect to illumination changes that occur over time and the term simultaneous color constancy to refer to constancy with respect to changes that occur across space. The literature does not generally distinguish between these two types of constancy, and it is possible that the two are mediated by distinct visual mechanisms. Indeed, computational analyses of successive color constancy [46] [47] [48] suggest that better estimates of the illuminant may be obtained if the visual system integrates information from many surfaces, whereas simultaneous constancy requires that this integration not extend across illumination boundaries. Moreover, different considerations may guide experimental study of the two types of constancy. In studying successive constancy, it is desirable to control the observer's state of adaptation carefully. 10, 15 In studying simultaneous color constancy, on the other hand, an ecologically valid task is for the observer to compare the colors of two objects, each seen under its own illumination. In this case, manipulations designed to achieve precise control of adaptation may make the observer's task difficult or unnatural. Here we emphasize that we are presenting experiments designed to measure simultaneous color constancy.
GENERAL METHODS

A. Overview
To study color constancy across illumination gradients, our general strategy was to have observers make asymmetric color matches. Observers viewed colored surfaces in an experimental room where the illumination was under computer control (Apple Macintosh Quadra 700). The observers' task was to adjust the appearance of a match surface, seen on one side of the room, to be the same as that of a test surface, seen on the other side. Observers adjusted appearance by controlling the output of a colorimeter that projected directly onto the match surface. We had observers make asymmetric matches to multiple test surfaces under different illumination conditions. In control conditions the illumination was spatially uniform, so that the test and match surfaces were illuminated identically. In experimental conditions we introduced a spatial gradient of illumination so that the test and match surfaces were illuminated differently.
B. Experimental Room
Our experimental room is shown schematically in Fig. 1 . The ambient illumination of the room was produced by three sets of computer-controlled stage lamps (SLD Lighting, 6-in. (15-cm) Fresnel #3053, BTL 500-W bulb) arranged in four triads as shown in the figure. The set labeled R had red dichroic filters (Rosco 6100 ''Flame Red''); the set labeled G had green dichroic filters (Rosco 4959 ''Light Green''); the set labeled B had blue dichroic filters (Rosco 4600 ''Blue''). The light from each triad was passed through a gelatin diffuser to minimize colored shadows. The lamps were controlled from software by varying the rms voltage across the bulbs (NSI 5600 Dimmer Packs, NSI OPT-232 interface card, 100 voltage quantization levels). We yoked the voltages of all lights within a set (R, G, or B) together. By varying the intensities of the three sets of lamps, we varied the spectral power distribution of the ambient illumination. Control software corrected for spectral shifts introduced when the voltage to the bulbs was varied. A spatial gradient of illumination was provided by an additional lamp placed at the location labeled 1 in the figure.
Test and match surfaces were 8.5-in. (21.25-cm) by 11 in. (27.5-cm) matte Munsell papers placed on the far wall of the room. Each surface was surrounded by a 0.25-in. (0.625-cm) black felt border. From the observer's point of view the test surface occupied 4.9°horizontal by 6.4°of visual angle, while the match surface occupied 4.7°by 6.1°. The separation between the test and match surfaces was 50-in. (125-cm) or 25°of visual angle. The immediate background for both surfaces was a 48-in. (120-cm) by 72-in. (180-cm) sheet of particle board painted a matte gray of roughly 50% reflectance.
Light was reflected from the test surface to the observer in the normal manner. The light reflected from Fig. 1 . Experimental room. The room is 8Ј9Љ ϫ 11Ј4Љ. Its walls and ceiling were painted a matte gray of roughly 50% reflectance; its floor was covered with a gray carpet. Other objects in the room were visible to the observer, including a brown metal bookcase and a white table. Ambient illumination was provided by 12 theater stage lamps, labeled R, G, and B, arranged in four triads. Gradients of illumination were provided by an additional lamp, indicated by the rectangle labeled 1. The observer viewed test and match surfaces located on the far wall of the room. The match surface was spot illuminated by a projection colorimeter. Both test and match surfaces were surrounded by a 1/4Љ black felt border. The background for the surfaces was a 48Љ ϫ 72Љ sheet of particle board painted the same gray as the room. Locations indicated by the figure are approximate.
the match surface, however, consisted of two components. The first was normal reflection of the ambient illumination. The second was generated by a computer-controlled projection colorimeter (see figure) . The illumination from the colorimeter was masked so that it was spatially coincident with the match surface.
The colorimeter had three independently controlled primaries. The light source for each primary was a slide projector bulb (Type FHS, 300 W, 82V). Light from each bulb passed through a heat-absorbing filter and a red, green, or blue dichroic filter (OCLI). The light from the three bulbs was then combined with dichroic beam splitters (OCLI) and passed through a slide projector condenser (Kodak 4400), an adjustable mask, and a slide projector lens (WIKO, 100 mm, f 2.8). The intensity of each primary was controlled by adjusting the rms voltage supplied to the corresponding projector lamp (NSI 5600 Dimmer Packs, NSI OPT-232 interface card, factory modified to provide 256 voltage quantization levels, power resistor used to drop voltage range to 0-82 V). Control software corrected for spectral shifts in the primaries introduced by the variation in the rms voltage to the bulbs.
The use of the colorimeter allowed us to manipulate the tristimulus coordinates of the light reaching the observer from the match surface. For the conditions reported here, the match surface appeared to be a normal surface. The illumination from the colorimeter was not explicitly visible; varying it changed the apparent color of the match surface. This subjective observation is confirmed indirectly by control conditions described below.
C. Experimental Procedure
During an experimental session, the observer made asymmetric matches to a number of different test surfaces under a single illumination condition. The observer (Experiments 1, 2a, and 2b observer JMS) or an experimenter (Experiment 2b observers ASH and PBE) began a match by mounting the desired test surface on the far wall of the room. The gamut of possible match tristimulus coordinates depended on both the illumination and the identity of the match surface. To achieve the broadest possible gamut for our experiments, we varied the match surface from condition to condition. We used pilot data to determine which match surfaces would allow the observer to make a match. For each test surface and illumination condition, then, the observer mounted the match surface that was most likely, given pilot data, to allow a match to be made.
Once the surfaces were mounted, the observer adjusted the colorimeter to make the match surface appear as similar as possible to the test surface. The observer was free to look back and forth at the two surfaces while setting the match. Indeed, the two surfaces were far enough apart so that it was difficult to compare them simultaneously. The observer controlled the appearance of the match surface by using three knobs (optical shaft encoders interfaced through custom hardware to a National Instruments LAB-NB interface card). In Experiments 1 and 2a, each knob varied an approximation to the three coordinates of the CIELAB uniform color space. 49 These coordinates correspond to the lightness, red-green, and blue-yellow perceptual dimensions of color experience.
In addition, the space is approximately uniform, so that equal steps along each coordinate axis tend to have equal perceptual effects. In Experiment 2b, the three knobs directly varied the output of one of the three colorimeter primaries. If the observer was not able to make a satisfactory match, he or she was free to try another match surface to move the colorimeter gamut.
When the observer had set the best possible match, he or she indicated its quality (good, OK, or bad for Experiments 1 and 2a; good or bad for Experiment 2b). The observer then made direct spectral measurements (PhotoResearch PR-650) of the light reflected from both the test and the match surfaces. The data that we report are the results of these measurements and specify the proximal stimulus reaching the observer. This measurement procedure ensures that our data are not corrupted by any inaccuracies in the characterization and control of the illuminants and the colorimeter. The results of the measurements were recorded directly by the control computer, so that the observer received no feedback during the session about the physical properties of his or her matches.
D. Instructions
Observers were instructed to adjust the match surface so that it had the same color appearance as the test surface. In simultaneous matching experiments performed on a CRT monitor, Arend and colleagues 26, 27 found that observers were able to perform two distinct color matching tasks. In the unasserted-color task (also called the huematching task), observers were asked to match the color sensation produced by the test and match stimuli. In the perceived-surface-color task (also called the papermatching task), observers were asked to make the test and match stimuli appear as if they had the same surface reflectance. Kuriki and Uchikawa 50 and Bauml 51 recently confirmed that observers are able to perform these two tasks under certain experimental conditions. In these experiments, the test and match surfaces are simulated in the context of identical surround surfaces. Bauml 52 describes the perceived-surface-color task as involving relational judgments; the observer proceeds (at least in part) by adjusting the match surface so that the color relations between it and its surround are similar to those between the test surface and its surround.
In pilot experiments, authors DHB and WAB tried to distinguish the unasserted-color and perceived-surfacecolor tasks for our viewing conditions. In contrast to the experiments of Arend and colleagues 26, 27 and of Bauml, 51 our test and match stimuli are not placed in identical multicolored surrounds, although there is a common neutral background near both the test and the match surfaces. We found the unasserted-color task straightforward but had difficulty distinguishing a separate perceived-surface-color task. Our stimuli look like surfaces, and our illumination gradient is gradual; we found that the color sensation produced by our stimuli and their identity as surfaces were closely intertwined. We did not explicitly try a relational strategy, as our conversations with Bauml took place after we conducted our pilot experiments. Because we had difficulty distinguishing the two tasks, we were not confident that we could intelli-gently instruct naïve observers to perform one or the other. We therefore simply asked our observers to make color matches. We believe that in our experiments these instructions lead to judgments similar to those of Arend and colleagues 26, 27 for the unasserted-color task.
E. Control of Illumination
Our illuminant-control procedure began with a characterization of the four RGB triads of lamps that provided the ambient illumination of the room. This characterization, described below, allowed us to compute device settings to achieve any desired tristimulus coordinates at the test surface location in the absence of other light sources. In some experimental conditions, however, the gradientproducing lamp at location 1 of Fig. 1 was on, and it affected the illumination at the test surface as well as at the match surface. In these conditions, we measured and compensated for this contribution to the test illuminant when we set the ambient illumination. At the start of each session, we made direct measurements of the actual illuminant at the test and match surface locations (PhotoResearch PR-650, RS-2 reflectance standard). The data that we report are based on these measurements. Our procedure for characterizing the RGB illuminant triads was as follows. For each triad, we measured the full spectral power distribution of the illuminant at the test surface for 25 evenly spaced device settings. The measurements were made with a spectraradiometer (PhotoResearch PR-650), which imaged a reflectance standard (PhotoResearch RS-2) placed directly in front of the test surface. These and all spectral measurements were made at 4-nm increments between 380 and 780 nm but interpolated with a cubic spline to the CIE-recommended wavelength sampling 49 of 5-nm increments between 380 and 780 nm. We fitted the measured spectra with a twodimensional linear model. 53 Two-dimensional linear models provided good fits to the measured spectral data, accounting for essentially all of the measured variance. For each set, the individual spectra could thus be represented by using two coefficients. The first coefficient specified the contribution of the principal component of the entire data set to the spectrum. The second component specified a smaller correction that accounted for shifts in the lamp spectra as the rms driving voltage was varied. We interpolated the measured relations between control voltage and linear model coefficients to provide tables that specified the linear-model coefficients corresponding to each possible device setting. Together with the spectra of the linear-model basis functions, this table allowed us to predict the illuminant spectra produced by any device setting.
Our control software used the characterization table and the basis functions described above. To produce an illuminant with given tristimulus coordinates, we began by neglecting the higher-order term in the linear model. In this case we could calculate the desired linear-model coefficients by using standard methods. 53 We then searched our tables to find the device settings for the R, G, and B triads that came closest to producing these coefficients. This initial procedure ignores the higher-order components of the linear model. Given the initial device settings, however, we could use the full table to predict what illuminant tristimulus values would actually be produced. We used the difference between predicted and desired tristimulus values to drive an iterative search procedure. Although we were not guaranteed that our search procedure would always converge on the best possible values, in practice we found that it gave good performance. As noted above, we report data based on actual measurements of the illuminants so that any error in our control procedure is not propagated to our data.
F. Colorimeter Control
Because our experiments employ a matching procedure in which the observer adjusts the colorimeter to achieve a desired appearance, precise characterization and control of the projection colorimeter was not required. As noted above, we made direct measurements of the tristimulus coordinates of the test and match surfaces after each match. For Experiments 1 and 2a we tried to arrange the knobs so that they had an intuitive perceptual effect. We characterized the projection colorimeter by using the same general procedures as described above for characterizing the illuminant; we did this characterization in the dark while using a Munsell N 3/ paper as the match surface. Knob settings were interpreted as L*, a*, and b* coordinates of the CIELAB uniform color space and were converted by software to tristimulus coordinates. These were then converted to device settings with a single iteration of the procedure described above for controlling the illuminant. Since we did not adjust the calibration data for different match surfaces or different ambient illuminants, the correspondence between the three knobs and the L*, a*, and b* coordinates was only approximate. For Experiment 2b we simply let the each knob directly control the output of one of the colorimeter primaries. Observers were able to set matches with either control scheme.
EXPERIMENT 1: CONTROL
A. Rationale Experiment 1 had two purposes. The first was to validate our general experimental procedure. For our results to be valid, it is important that the tristimulus coordinates of observers' matches be independent of the identity of the match surface mounted at the match location. A dependence would indicate that the observer was separating the two components of the light reflected from the match surface (one from the ambient and one from the colorimeter). The second purpose was to establish how well observers could set matches when no illumination gradients were introduced in the room. We wanted to be sure our task was possible in a control condition before trying to use it to study the effect of illumination gradients.
B. Methods: Experiment 1
The methods used in this experiment are as described in Section 2. We used no gradient-producing lamps, so the ambient illumination was approximately uniform throughout the room and very similar at the test and match surface locations. Thus the observer's task was quite similar to that used in the classic color matching experiment. The main difference is that in our experiment the test and match surfaces were spatially separated. Their immediate surrounds, however, were nearly identical. The measured chromaticities and luminance of the test illuminant were The difference between test and match illuminants is indicative of the spatial uniformity of the illumination across the front of the room.
We had observers set color matches to a number of different test surfaces. We report data only for those test surfaces for which observers indicated that the match was good. Matches were set in several experimental sessions. A typical session lasted about 1 h, and an observer could typically set between eight and ten matches in this amount of time. Observers made between one and seven matches for each test-surface/match-surface pair.
Two observers participated in Experiment 1. They were the second author (WAB, age 22) and a paid undergraduate (TES, age 20). Both observers were female and presumably color normal. Observer TES was naïve as to the purpose of the experiment.
C. Results: Experiment 1
The results of Experiment 1 validate our general experimental design and procedures. Two facts are evident from the figure. First, the matches are independent of which surface is mounted at the matching location. As noted above, this is important because it verifies that the observer is not sensitive to the identity of the match surface. The close clustering of the solid squares also indicates that observers can perform the matching task reliably. Second, the matches are close to colorimetric matches. Although this is not surprising, it provides important verification that observers are able to perform the matching task under our conditions. Figure 3 provides a more complete check that changing the identity of the match surface does not affect observers' matches. For each test surface for which multiple match surfaces were used, we chose the mean match from one match surface as a standard. The standard was based on the match surface for which we had the largest number of replications. We designated the mean matches from the other match surfaces as comparison matches. Figure  3 (a) plots, for each test surface, the CIE x chromaticities of the comparison matches against the CIE x chromaticity of the standard match. If the identity of the matching surface has no effect on the observers' matches, then the data should fall along a line with slope 1. In fact, the data lie very close to this line. Similar results are seen in Figs. 3(b) and 3(c), which show corresponding plots for CIE y chromaticity and luminance.
EXPERIMENT 2: EFFECT OF AN ILLUMINATION GRADIENT
A. Rationale The purpose of Experiment 2 was to investigate the effect of introducing a spatial illumination gradient. In natural scenes, a number of different processes may cause such gradients. For example, if the illumination is formed by a combination of diffuse blue skylight and a more directional yellow light from the disk of the sun, then both the chromaticity and the luminance of the overall illuminant may vary gradually across the scene as the relative contributions of these two components varies. On the other hand, shadows caused by occlusion may produce more abrupt changes in the relative contributions of the two components. In this experiment, the illuminant varied gradually between the test surface and the match surfaces.
B. Method: Experiment 2a
The methods used in this experiment are essentially the same as in Experiment 1, except that a gradual spatial illumination gradient was added to the ambient illumination by use of the gradient lamp (SLD Lighting, 6-in. (15-cm) Fresnel #3053, BTL 500-W bulb). The lamp had a yellow gelatin filter (Roscolux #08) This spatial gradient of illumination was arranged so that the test and match surfaces were illuminated quite differently. The illuminant was considerably more bluish at the test location than at the match location.
As in Experiment 1, we had observers set color matches to a number of different test surfaces. Again, we report data for only those test surfaces for which observers indicated that the match was good. Observers made between one and three matches for each test-surface/matchsurface pair.
The observers were instructed to adjust the color of the match surface so that it appeared to look the same as the test surface. They were told that the illumination was different at the test and the match surface locations. They were not given any instructions about how the illumination gradient might affect their match settings. The chromaticities and luminances of the test and match illuminants are given in Table 3 below. The relevant columns are those for observers WAB and TES.
The same two observers as in Experiment 1 participated in this experiment.
C. Results: Experiment 2a
Introducing a spatial illumination gradient had a marked effect on the asymmetric matches. Figure 4 shows the results for both observers. The top panels show the results for observer WAB, and the bottom panels show the results for observer TES. The open squares show the coordinates of the test surfaces, and the solid squares show the coordinates of the match surfaces. Each corresponding pair of test and match surfaces is connected by a solid line. The standard errors for the matches are typically smaller than the plotted points. Table 1 provides the data from Experiment 2a in numerical form.
As in Experiment 1, we wanted to determine whether the matches were independent of which surface is mounted at the matching location. Figure 5 provides another check that changing the identity of the match surface does not affect observers' matches. This figure is in the same format as Fig. 3 , which summarized similar data for Experiment 1. As with Experiment 1, the figure shows that observers' matches are independent of the identity of the match surface. Because the identity of the match surface does not seem to affect the matches, Table  1 presents the data collapsed across match surfaces.
D. Methods: Experiment 2b
Experiment 2b was similar to Experiment 2a. The main difference was that in Experiment 2b the test and match surfaces were seen in the context of 13 other 8.5-in. (21.25-cm) by 11-in. (27.5-cm) Munsell papers rather than against the uniform gray particle board background of Experiment 2a. These papers, along with the test and match surfaces, were arranged in a rectangular grid against the particle board background. There were three grid rows, with each row containing five surfaces. The leftmost surface in the center row was the test surface. The rightmost surface in the center row was the match surface. There are conflicting reports in the literature about how the number of surfaces in a scene affects color constancy. 26, 29, 37, 50 These reports are difficult to reconcile at present, because different labs have used different methods and studied different aspects of constancy. Because the viewing conditions of Experiment 2a were already quite rich, we do not expect that our manipulation will settle this issue. Nonetheless, we thought it worthwhile to see whether adding more surfaces affected performance.
The illuminants used in Experiment 2b also differed slightly from one another and from those used in Experiment 2a. The chromaticities and luminances of the test and match illuminants for each observer are given in Table 3 below. The relevant columns are those for observers JMS, ASH, and PBE.
Three observers, JMS (male, age 29), ASH (female, age 27), and PBE (male, age 33) participated in Experiment 2b. Observer JMS is one of the authors; observers ASH and PBE were naïve. Observers JMS and PBE were color normal as tested by the Ishihara plates. In addition, JMS sets normal Rayleigh matches. a The table provides the Munsell designations for the test surfaces, chromaticities and luminances of the test surfaces under the test illuminant, and chromaticities and luminances of the observers' asymmetric matches. Since the data indicate that there is no effect of match surface on the observers' matches (see Figs. 2, 3 , and 5), data are collapsed across match surfaces. The final three columns of the table provide a color constancy prediction based on measurements of the light reflected from the test surface when it was placed at the match location (with the colorimeter turned off). Chromaticities are 1931 CIE x and y. Luminances are cd/m 2 .
E. Results: Experiment 2b
The results from Experiment 2b were very similar to those from Experiment 2a. Figure 6 shows the data for observer JMS, while Table 2 tabulates the data for all three observers. In Subsection 6.A we compare quantitatively the degree of constancy shown in Experiments 2a and 2b.
F. Discussion: Experiment 2
Quality of the Matches
Although the observers' tasks were identical in Experiments 1 and 2a, both observers reported that the quality of matches they could make in Experiment 2 was lower than that generally obtained in Experiment 1. Most matches were still rated as ''good'' in Experiment 2, but observers noted that this equivalence was the result of a criterion shift. They assigned a rating of ''good'' to the best matches within the second experiment without trying to equate the quality of these matches to those obtained in Experiment 1. The observers were able to set reliably what they regarded as the best match. At this match point, however, the test and the match surfaces looked different, and the observers felt as if further adjustments of the match surface should produce a better correspondence. Yet turning any of the knobs or combinations of knobs only increased the perceptual difference. We verified that the observers' adjustments near the best match were not limited by the gamut of our apparatus.
It is somewhat difficult to express in words what is deficient about the matches set in Experiment 2. One might, however, say something like the following. At the best match, the test surface (seen under a bluish illuminant) has something of a cool cast about it, whereas the match surface (seen under a yellowish illuminant) has a warm cast. To the observer it seems therefore as if the match surface should be adjusted to be more bluish. But this adjustment does not change the warmth of the match surface. Rather, it has the effect of changing (say) a warm gray to a warm blue, which then still fails to match the cool gray test surface. Previous authors have attempted to describe and characterize how the quality of color appearance can vary across a variety of viewing conditions. [54] [55] [56] [57] In pilot experiments we set matches across a sharp illumination boundary introduced with spotlight (SLD Lighting, 4.5-in. (11.25-cm) Zoom Ellipsoidal #3062, EVR 500-W bulb, Roscolux #08 yellow filter). The chromaticities and luminances of the test and match illuminants were similar to those of Experiment 2a. Observers found setting satisfactory matches across this sharp illumination boundary very difficult and were successful for only a few test surfaces. One intriguing possibility is that our color experience at a location is described by more than three variables. This is possible if the influence of the illuminant (or, more generally, of the viewing context) has the effect of changing the perceptual representation of color in a way that cannot be compensated for simply by varying the tristimulus coordinates at a single location. Such an effect might be expected if the visual system uses color to code both surface and illuminant identity. 58 Although our observation suggests that asymmetric matching cannot be used to characterize completely the effect of context on color appearance, we proceed nonetheless with an analysis of the matching data.
Color Constancy-Comparison with Physical Measurements
Were our observers color constant? For a color constant observer, the appearance of any surface should remain invariant as the surface is moved from one location in a room to another, independent of any illumination gradients in the room. We can use our asymmetric matching data to ask whether this was the case for our observers. Our asymmetric matches establish pairs of stimuli that appear identical when each is viewed in the appropriate location. If our observers were color constant, the match to any test surface should have the same tristimulus coordinates as the test surface would have when it was placed at the match location (with the colorimeter turned off). Since our experiment was conducted with real surfaces, we can test this color constancy prediction. For Experiment 2a we determined the color constancy prediction by moving our test surfaces to the match location and measuring their tristimulus coordinates under the match illuminant. For Experiment 2b we did not physically move the test surfaces to the match location. Instead, we used the full spectral measurements of test surfaces along with the full spectral measurements of the test and match illuminants to generate the color constancy prediction. In particular, we calculated the spectrum C m () that would have reached the observer if the test surface had been placed at the match location as C m () ϭ C t ()E m ()/E t (), where C t () is the spectrum of the light reaching the observer from the test surface when it is placed at the test location, E t () is the spectrum of the test illuminant, and E m () is the spectrum of the match illuminant. We then obtained tristimulus coordinates from C m ().
The constancy predictions for all of our test surfaces are provided along with the matching data in Tables 1  and 2 . Figure 7 compares WAB's asymmetric matches to these physical measurements for a few test surfaces. The points shown are typical of those for all test surfaces. We see that the matching coordinates lie between the coordinates of the test surface under the two illuminants. Our results represent neither complete constancy nor a complete absence of constancy. Rather, the visual system compensates partially for the illumination gradient. In Subsection 6.A we analyze quantitatively the degree to which our observers were color constant.
Control of Adaptation
In our experiment the observers were free to look back and forth across the illumination gradient. This means that the state of local chromatic adaptation was not under experimental control. The reason for this design was to allow our experiments to capture performance that would occur in a natural setting, where observers are free to scan their environment. We believe that this is sensible design for the purpose of characterizing natural performance. On the other hand, our experiments do not allow us to isolate the role of any particular adaptive mechanism, such as local chromatic adaptation, which might mediate the performance we observe.
MODELING THE EFFECT OF THE ILLUMINATION CHANGE
Our observers were not completely color constant, nor were their matches colorimetric matches. Thus it becomes interesting to develop a model that predicts their performance. We consider four models. Let the threedimensional column vectors r t and r m represent the cone excitation coordinates of the light reaching the observer from the test and match surfaces. Our most general model is the affine model. For the affine model, we write
where A is a 3 ϫ 3 matrix and a is a three-dimensional column vector. In the affine model the entries of the matrix A are parameters that can describe multiplicative gain changes both at the receptors and after an opponent transformation. The entries of the vector a are parameters that describe an additive process. The affine model can be thought of as an instantiation of the two-process model of Jameson and Hurvich. 11 It was used by Burnham et al. 10 to describe an extensive set of asymmetric matches collected haploscopically.
Our linear model is a special case of the affine model where the vector a is constrained to be zero, so that
Our diagonal model specializes still further by requiring that the matrix A be diagonal. The diagonal model allows for multiplicative gain changes that are specific to the three classes of cones but does not incorporate any independent gain control after an opponent transformation. The affine, linear, and diagonal models are motivated by thinking about visual mechanisms. Our final model is motivated by a more computational approach. We take seriously the notion that the visual system is trying to achieve constancy, but we allow for the possibility that it does not achieve it perfectly. Consider a series of estimation steps sufficient for color constant performance in our asymmetric matching task. The first step is to estimate the test illuminant. Given this estimate, the second step is to estimate the reflectance function of the test surface from the cone excitation coordinates of the light reflected from it. For color constant performance, this surface must have the same appearance when it is viewed under the match illuminant. Thus the third step is to estimate the match illuminant and compute the light that would be reflected from the test surface under it. If all three of these estimations are performed accurately, an observer can achieve color constancy by adjusting the match surface to have the same cone coordinates as the light computed in the third step. The estimations are known to be computationally difficult, however. 47, 48 Even if the visual system is attempting this type of computation, it may make errors.
Suppose that the visual system correctly performs the first estimation step, so that it has access to an accurate representation of the test illuminant. By using techniques based on linear model representations of physical spectra, it is possible for the visual system to reconstruct a reasonable estimate of the test surface reflectance. 46 Now suppose that the visual system makes an error in estimating the match illuminant and then uses this estimate to determine the asymmetric match. Although the resulting match will represent color constant performance with respect to the estimated illuminant, it will not represent constancy with respect to the actual match illuminant. Our equivalent illuminant model is based on this idea. We assume that the only error the visual system makes in an attempt to achieve constancy is that it misestimates the match illuminant. We call the visual system's estimate the equivalent illuminant. For any given equivalent illuminant, the model predicts the asymmetric match for any test surface. In Appendix A we make the equivalent illuminant model explicit and show that it is a special case of the linear model.
A. Fitting the Models
The affine, linear, and diagonal models can be fitted to the data analytically by using standard regression procedures. These procedures minimize the squared error of the fit when the error is computed in cone excitation coordinates. It is well known that cone excitation space is not perceptually uniform. For this reason, we fitted our models by using numerical search procedures. The procedures determined the model parameter values that minimized the mean CIELAB ⌬E* color difference between the predictions and the data, where the average was taken across each asymmetric matching data set. We used the routines in the MATLAB Optimization Toolbox 59, 60 to perform the minimization. Our procedure for fitting the equivalent illuminant model minimizes the same error measure and is described in Appendix A.
B. Model Fits
The histogram in Fig. 8(a) summarizes how well each of our models fits the data of Experiment 2a, and the one in Fig. 8(b) summarizes the fits for Experiment 2b. The histograms show the mean CIELAB ⌬E* prediction error obtained with each of our four models. To compute the errors, we predicted the asymmetric match for each test surface, computed the error to each individual match, and averaged over the data set. This is the same measure that was minimized in our model fitting procedures. Along with our model fits, the histograms show comparison measures that indicate the precision of the observers' matches (determined from replicated matches, labeled ''precision''), the quality of fit that would be obtained if one predicted the asymmetric matches with the cone coordinates of the test surface (labeled ''no effect''), and the quality of fit that would be obtained by assuming the observers were perfectly color constant (labeled ''constancy'').
Several conclusions can be drawn from Fig. 8 . First, all four models describe a large fraction of the asymmetric matching effect: the prediction errors are much smaller than those that would be obtained by assuming no effect. Second, the fits of all four models are quite similar. If we average across the five observers, the CIELAB ⌬E* predictive errors for the affine, linear, diagonal, and equivalent illuminant models are 3.41, 3.58, 4.21, and 4.23, respectively. A just-noticeable difference under optimal conditions is approximately 1 ⌬E* unit, and the mean precision of our observers' asymmetric matches was 1.91 ⌬E* units. The third conclusion that may be drawn from the figure is that none of our models describes all of the regularity in the data. Figure 9 provides a more detailed look at the model fits. The figures collapse the data for all five observers in Experiments 2a and 2b. Each subplot in the figure shows a scatterplot of predicted match cone coordinates versus observed match cone coordinates. The three columns show data for the L, M, and S cones respectively. The top row shows the case in which each individual match is predicted by the mean match for its test surface. The scatter around the diagonal is a visual indication of the precision of the data. The next four rows show the plots for our affine, linear, diagonal, and equivalent illuminant models. If the models fitted to the precision of the data, the plotted points would cluster around the diagonal to the same extent as in the top row. We see that the four models provide essentially the same quality fit and also that this fit is only slightly worse than the precision of the data.
For all four models, the points in Fig. 9 tend to lie below the diagonal for high observed match values. Recall, however, that we fitted our models by minimizing error in the CIELAB ⌬E* uniform color space. We refitted the linear and diagonal models to minimize squared error in cone excitation space. Figure 10 shows the corresponding scatterplots. In these plots the trend is greatly reduced. Thus we believe that the trends seen in Fig. 9 do not indicate systematic model failure.
The linear model is a special case of the affine model, so its predictive error must be larger than that of the affine model. The linear model has 9 free parameters, while the affine model has 12. The average difference in predictive error between these two models is very small (0.18 ⌬E* unit). This does not mean that there is no neural addition to the signals transmitted by cones but rather that our experimental manipulation did not substantially change any such addition.
The diagonal and equivalent illuminant models are both special cases of the linear model, and their predictive errors must be larger than that of the linear model. Both the diagonal and equivalent illuminant models have three free parameters, while the linear model has nine. The average fit of these models is quite good in absolute terms and not much worse than that of the linear model (0.62 and 0.64 ⌬E* unit, respectively). For descriptive and predictive purposes, we currently favor the diagonal and equivalent illuminant models because of their small number of parameters. In principle, the parametric values for either of these models may be established with a single asymmetric match. In practice, a small number matches would probably be sufficient.
To provide a sense of the quality of the fit obtained with the diagonal and equivalent illuminant models, in Fig. 11 we compare WAB's asymmetric matches from Experiment 2a with the predictions of these models for a few test surfaces. To avoid graph clutter, only a few points are shown, but the points shown are typical. The predic-tions of the two models are very similar and lie close to the data.
The small difference between the diagonal and the equivalent illuminant models (0.02 ⌬E* unit) does not lead us to prefer one over the other. At present, choosing between the diagonal and the equivalent illuminant models is primarily a matter of taste. The diagonal model has a natural interpretation in terms of visual mecha- nisms (namely, that gain control occurs in cone-specific pathways), while the equivalent illuminant model is more closely linked to computational models of color constancy (see below).
GENERAL DISCUSSION
A. Degree of Color Constancy Our equivalent illuminant model summarizes the entire set of asymmetric matching data by specifying the equivalent illuminant. Figure 12 shows the equivalent illuminants derived from our data for three of our observers in Experiments 2a and 2b. For comparison, the actual test and match illuminants are also shown. Table 3 provides the equivalent illuminants for all of our observers, along with the corresponding test and match illuminants.
Since the equivalent illuminant summarizes the data, we can use it to compute a color constancy index
where e m is a vector representing the match illuminant, e t is a vector representing the test illuminant, and ê em is a vector representing the equivalent illuminant. This index compares the separation between the match illuminant and the equivalent illuminant with the separation between the match illuminant and the test illuminant.
To perform calculations, we specified the illuminants in the CIELAB L*a*b* uniform color space (relative to a white point defined by the test illuminant). The constancy indices obtained in Experiments 2a and 2b are given in Table 3 . The mean constancy index was 0.61. There is no difference between the mean value of the index for Experiments 2a and 2b, suggesting that the addition of extra Munsell panels in Experiment 2b had little effect on the asymmetric matches. This may be because the viewing conditions for Experiment 2a were already quite rich.
If we separate the chromaticities of the illuminants from their luminances, we can compute chromaticity (CIE uЈvЈ) and luminance constancy indices. Table 3 provides a The top portion of the table provides the chromaticities and luminances of the measured test and match illuminants for each observer. It also gives the chromaticity and luminance of the equivalent illuminant derived from each observer's asymmetric matches. Chromaticities are 1931 CIE x and y. Luminances are cd/m 2 . The bottom portion of the table gives the constancy indices computed for each observer. The overall constancy indices were computed by expressing the illuminants in the CIELAB L*a*b* uniform color space. The chromaticity indices were computed from the CIE uЈvЈ chromaticities of the illuminants. The luminance indices were computed from the luminances of the illuminants. The mean values of the constancy, chromaticity, and luminance indices are 0.61, 0.60, and 0.61, respectively. the value of these indices for each of our observers. The mean values of these were 0.60 and 0.61, respectively, so that our data show no quantitative difference in how well the visual system compensates for changes in illuminant luminance and how well it compensates for changes in illuminant chromaticity.
It is possible to compute a constancy index with our other models as well. To do so, we substitute for the equivalent illuminant in Eq. (3) a quantity obtained through applying the affine, linear, or diagonal mapping to the cone coordinates of the test illuminant. The resulting index values are essentially the same as those we obtained with the index that is based on the equivalent illuminant.
Our constancy index is related to the one introduced by Arend and his colleagues 6, 27 (see also Ref. 7) . Two differences are worth noting. First, our experiment is not restricted to the isoluminant plane, so we compute distances by using a three-dimensional uniform color space rather than a uniform chromaticity diagram. Second, we base our index on a model fit that summarizes the entire data set, rather than averaging indices computed individually for each test surface. Brainard and Wandell 3 reported constancy indices based on equivalent illuminant calculations. In their case, however, the equivalent illuminant was calculated independently for each test surface and the resulting indices were averaged over test surfaces.
B. Equivalent-illuminant Model
The equivalent-illuminant analysis summarizes the asymmetric matches with the visual system's estimate of the illuminant. The attractive feature of this approach is that it provides a link between human performance and computational models of color constancy, since the key to most of these models is how they estimate the illuminant. [46] [47] [48] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] Indeed, comparing the dependence of an observer's equivalent illuminant on stimulus conditions with the corresponding dependence of a model's illuminant estimates is a promising approach for testing whether computational models can describe human performance.
Our equivalent illuminant model is closely related to that of Speigle and Brainard, 72 who used essentially the same principles to predict when stimuli would appear self-luminous. Brainard and Wandell 3 also used equivalent illuminant ideas to model asymmetric color matches. They calculated a separate equivalent illuminant for each test surface, however, so that the value of the approach was to allow easy interpretation of individual matches in terms of color constancy rather than to provide a quantitative model for an entire matching data set. Arend 6 used a calculation closely related to that of Brainard and Wandell. 3 Lucassen and Walraven 7 compare entire sets of asymmetric matches with the results of a calculation similar to our equivalent illuminant model. Their approach differs from ours in an important way. We treat the visual system's estimate of the illuminant as a parameter, so that we test the idea that the visual system estimates an illuminant without committing ourselves to how this estimate is obtained. They test a more specific computational model by using the gray-world assumption and the method of Buchsbaum 46 to obtain an illuminant estimate from their stimulus set.
C. Comparison with CRT-Based Experiments
One of the goals of our research is to understand the relation between performance under nearly natural conditions and performance measured by using CRT simulations of illuminated surfaces. Definite conclusions will require experiments that make direct comparisons of the two types of experiment with the use of methods, observers, and stimuli that are as closely matched as possible. Such experiments are under way in our laboratory. 73 Some comparisons can be made, however, between the present data and published data obtained with CRT simulations.
Brainard and Wandell 3,15 measured successive color constancy with an asymmetric matching method and then fitted versions of the affine, linear, and diagonal models to their data. Their conclusions match ours. All three models provided a good description of the data, and the fit of the reduced diagonal model was not substantially worse than the fit of the two more-general models (see Ref. 15, p. 1438 ). This suggests that empirical regularities found with CRT simulations can indeed be generalized to natural viewing conditions and that perhaps that the same mechanisms mediate performance in both situations. Brainard and Wandell also tested an illuminant linearity property that is not addressed by our data. 3, 15 Of the CRT-based experiments reported in the literature, the simultaneous asymmetric matching experiments of Arend and colleagues 26, 27 are procedurally most similar to ours. In particular, we believe that our observers were performing their unasserted-color task rather than their perceived-surface-color task (see Section 2). Arend et al. 27 computed a color constancy index comparable to the one we used and reported this value for both of their tasks. We averaged their index values for their four observers and two experiments (see graph in Ref. 27 , p. 667). For their unasserted-color task, the mean value of the index was 0.25. 74 The comparable value for our experiments is 0.60 (mean chromaticity index; see Table 3 ). The quantitative difference in constancy indices between our experiments and those of Arend and colleagues 26, 27 suggests that there are important differences between the experiments that have been performed with CRT simulations and the present experiments with nearly natural scenes. These differences may arise because of differences in low-level attributes such as the size and luminance of the stimuli, because of the increased richness of the natural scenes relative to the simple CRT simulations, or because the visual system treats real and rendered images differently. Discovering exactly what factors are most important is a high priority for future research.
APPENDIX A: EQUIVALENT ILLUMINANT MODEL
In this appendix we describe the equivalent illuminant model. We use the general linear-model-based colorimetric techniques described by Brainard. 
Preliminaries
where B e is a fixed N ϫ N e -dimensional matrix. In our calculations, we assume that both surface and illuminant spectra are constrained to lie within three-dimensional linear models and that the basis matrices for the two linear models are known. Let the 3 ϫ N -dimensional matrix T be the matrix whose rows contain the L-, M-, and S-cone spectral sensitivities sampled at evenly spaced wavelengths throughout the visible spectrum. In this paper we use the SmithPokorny estimates of the cone spectral sensitivities. 75, 76 The cone excitation coordinates r of the light reflected from a surface w s under an illuminant w e are given by r ϭ T diag͑B e w e ͒B s w s ,
where the expression diag (B e w e ) indicates the diagonal matrix with the entries of the vector B e w e along its main diagonal. 
Equivalent Illuminant Model
This inversion method for estimating surface reflectance is due to Buchsbaum. 46 Now suppose that the observer estimates the match illuminant within B e to be ŵ em . Given these illuminant estimates, the observer can achieve color constancy if the surface ŵ s rendered under the illuminant ŵ em has the same appearance as the surface ŵ s rendered under ŵ et . This condition implies that in our asymmetric matching experiment the light reflected from the match surface should have cone excitation coordinates 
where A(ŵ et ,ŵ em ) is a 3 ϫ 3 matrix that depends on the illuminant estimates ŵ et and ŵ em but not on the test surface. The first implication of Eq. (A5) is that once we choose illuminant estimates ŵ et and ŵ em , the model predicts the asymmetric match for any test surface. The second implication of Eq. (A5) is that, like the diagonal model, the equivalent illuminant model is a special case of the linear model. In the diagonal model the general matrix A is constrained to be diagonal, and thus it has three degrees of freedom. In the equivalent illuminant model the matrix A is constrained by Eq. (A5). When we hold ŵ et fixed, the equivalent illuminant matrix A(ŵ et ,ŵ em ) also has three degrees of freedom.
We can fit the equivalent illuminant model to data by treating ŵ et and ŵ em as parameters. These parameters are not independently identifiable, however. If we multiply both ŵ et and ŵ em by the same scale factor, the predicted mapping A(ŵ et ,ŵ em ) does not change. In practice, we have found that the data are not powerful enough to identify reliably both ŵ et and ŵ em even if we fix the free scale factor: the model predictions depend jointly on ŵ et and ŵ em in such a way that we can trade off changes in the two without much effect on the predictions. It is not clear to us what properties of the model or of our data sets lead to this lack of identifiability. To fit the model to our data, however, we fix ŵ et as described below and vary only ŵ em in our parameter search.
A side condition of the equivalent illuminant model is the choice of linear models B s and B e . Indeed, if these matrices are not specified a priori, the equivalent illuminant model has little predictive power. In our calculations we chose B s to be a three-dimensional linear model for the Munsell papers computed from the spectral measurements of Kelly et al., 77 Nickerson, 78 and Nickerson and Wilson. 79 We chose B e as a three-dimensional linear model that approximated the actual illuminants in our experimental room.
To find the equivalent illuminant that provided the best fit to the data, we implemented a numerical search procedure over the three-dimensional space of equivalent illuminants ŵ em . For this search we fixed ŵ et so that it was the best approximation to the actual test illuminant within the linear model B e . For each choice of ŵ em we computed the predicted matches through Eq. (A5) and used the routines in the MATLAB Optimization Toolbox 59, 60 to find the value of ŵ em that minimized the prediction error. Although we express the model in terms of cone excitation coordinates, we used the CIELAB ⌬E* color difference metric to define the prediction error. We chose the model parameters that minimized the mean value of this error across each asymmetric matching data set. 81, 82 The work was supported by National Eye Institute grant EY 10016.
